in 154, four-level fusion in 189, five-level fusion in 17, and six-level fusion in two cases ( Table 2 ). The mean number of fusion levels was 2.9. In the patients in whom the fusion involved more than four disc levels, a plate was not placed; instead, halo vest fixation was used for 6 weeks and Philadelphia collar fixation for the next 6 weeks thereafter. In patients in whom the fusion incorporated one to three disc levels, a plate was implanted for internal fixation, and Philadelphia collar fixation was subsequently instituted for 3 months. Eighteen patients (13 male and five female patients) suffered postoperative motor dominant paralysis in the upper extremities (C-5 radiculopathy) and were included in the study ( Table 2) .
The medical records of these 18 patients were intensively reviewed, and patient age, sex, laterality of the lesion, time of onset, and muscle power were recorded (Table 3) .
Manual muscle testing (Grades 0-5/5) was performed sequentially to determine recovery after the onset of paralysis. Clinical results were assessed using the JOA tool for measuring cervical myelopathy (JOA score; Table 4 ).
The occupying ratios of ossification (Fig. 1A) at the C3-4, C4-5, and C5-6 disc levels were calculated for the OPLL cases. The AP diameters of the spinal canal (Fig.  1B) at these levels were also measured on preoperative CT myelograms obtained in all OPLL and CSM cases involving fusions across four or more disc levels. The MannWhitney U-test was used to analyze the incidence of C-5 paralysis depending on the occupying ratio or AP diameter (Table 5) .
Postoperative anterior expansion of the dura mater and anterior shift of the spinal cord were measured at the C4-5 on pre-and postoperative MR images or CT myelograms available for each patient. The distance between the posterior wall of the spinal canal and the anterior dura and posterior surface of the cord was measured with a caliper ( Fig. 2A and B) . The decompression width was also measured using the same images. The measurement was made by comparing the pre-and postoperative images of the same slices, and, in cases in which there was difficulty in defining the intraoperative decompression width, by using the follow-up images when the graft was completely incorporated (Fig. 2C) . Intergroup statistical analysis between patients with and without C-5 palsy was performed using the Mann-Whitney U-test.
The relationship of the incidence of paralysis to sex and cause of disease was analyzed using the chi-square test. The statistical difference in the laterality of paralysis was analyzed by binominal distribution analysis. Spearman rank coefficient analysis was used for analysis of the number of fused segments and the AP diameters at the C3-4, C4-5, and C5-6 levels. Multiple regression analysis was performed to identify factors influencing the final MMT value. In statistical analyses significance was set at a 5% level.
Operative Technique
The operation was performed after induction of general anesthesia, and via a left anterior approach, a discectomy or partial corpectomy was performed using microscopic guidance. The dura mater was exposed by complete or partial resection of the PLL. An anterior cervical plate was implanted in the patients in whom the fusion incorporated fewer than three disc levels (183 cases-116 with Orion plates and 67 Atlantis plates). Autologous fibula or tricortical iliac crest was used for anterior reconstruction. Philadelphia collar fixation was initiated for 2 months postoperatively. For long fusions-those crossing four or more disc levels-anterior corpectomy, autologous fibula graft placement, and screw fixation (the Shikata technique) were preferred (no plate was used). Instead, we ordered halo vest therapy for the first 6 weeks and Philadelphia collar fixation for the subsequent 4 weeks postoperatively.
Results
Radiculopathy of C-5 occurred in the 18 patients (10 with OPLL and eight with CSM; Table 3 ). Weakness was present in the deltoid muscles in all 18, the biceps muscle in 17, and the triceps muscles in two cases right sided, 11 left sided, and one bilaterally ( Table 3) .
The incidence of the paralysis when examined according to sex distribution showed no significant difference (chi-square test, p = 0.40). Its incidence was significantly higher in patients with OPLL than in those with CSM (chi-square test, p = 0.03). Laterality of the paralysis did not show a significant difference (binominal distribution analysis, p = 0.48). There were three cases of five-level fusion, 11 cases of four-level fusion, and four cases of three-level fusion. The overall incidence of palsy was 3.2%, but the incidence increased in parallel with the number of levels fused (correlation coefficient r = 0.94) ( Table 2) .
At onset of weakness MMT of the affected muscles showed Grade 4/5 strength in two cases, 3/5 in nine, 2/5 in four, 1/5 in two, and 0/5 in one. The Spearman rank correlation coefficients showed that the AP diameters at C3-4, C4-5, and C-5-6 were not correlated with the MMT value at onset of the paralysis. Multivariate analysis revealed that the MMT grade at onset did not relate to the age, preoperative paralysis, number of levels fused, preoperative JOA score, or severity of compression at C3-4, C4-5, and C-5-6.
The onset of the muscle weakness occurred within 24 hours of surgery in nine cases, 1 day in five, 3 days in two, 7 days in one, and 8 days in one (Table 3) . Clearly detailed records of the upper-extremity functional status measured immediately after the operations were not be found in two cases in which the paralysis occurred within 4 hours of surgery. Sensory disturbance was not noted in any cases, but pain around the shoulder girdle was demonstrated in three cases. In one patient, whose paralysis occurred 8 days after the surgery, dull pain around the shoulder girdle preceded the onset of muscle weakness by 1 week.
Radiographic evaluation revealed that the occupying ratio at C3-4 and C4-5 was significantly higher in patients with paralysis than in those without paralysis ( Table 5 ). The AP diameter at C3-4 and C4-5 was significantly smaller in patients with paralysis than in those without paralysis (Table 5) .
Postoperative MR imaging and CT myelography revealed no cases in which the decompression was insufficient. The intergroup postoperative diameter of the dura and the decompression width between patients with and without paralysis were not significantly different (MannWhitney U-test, p = 0.71 and 0.96, respectively). The extent of postoperative anterior shift of the spinal cord was significantly less in the group with paralysis compared with the group without paralysis (3.0 Ϯ 1.67 and 0.80 Ϯ 0.92 mm, respectively; Mann-Whitney U-test, p Ͻ 0.01) ( Table 6 ).
All patients were treated conservatively. Full recovery occurred in 13 cases. In three patients muscle strength recovered to Grade 3/5 and in two it recovered to Grade 4/5, but weakness remained in these five patients. Recovery was observed within 1 to 11 months (mean 4.1 months) after the onset of paralysis. Incomplete recovery was documented in four of 10 patients with OPLL and in one of eight patients with CSM; however, analysis revealed no statistically significant difference (chi-square test, p = 0.20). In all five cases of incomplete recovery, MMT at onset of paralysis was Grade 2/5 or less, and in all cases in which MMT showed a grade of at least 3/5 at onset, full recovery occurred over time (chi-square test, p = 0.001). Multivariate analysis revealed that the final MMT was closely related to the preoperative counterpart grade (computed t value = 4.17, p Ͻ 0.01) and preoperative JOA score (computed t value = 2.75, p Ͻ 0.05; Table 7 ).
Illustrative Case

Case 15
Presentation and Examination. This 61-year-old man had a 5-year history of left-handed numbness, which had increased 3 months before his visit to our clinic. Physical examination showed hyperreflexia of his extremities and difficulties with fine finger motion of both hands. He also exhibited gait difficulties, which resulted in his need of a handrail when climbing stairs. Preoperative MMT demonstrated normal findings. His preoperative JOA score was 12. Plain x-radiography ( Fig. 3A and B) and MR imaging ( Fig. 4A and B) revealed C2-5 OPLL predominantly on the left side. Myelography and postmyelograhy CT scanning demonstrated severe cord compression secondary to OPLL (Fig. 5) . The occupying ratio in the cord canal was 70 and 80% at C3-4 and C4-5, respectively.
Operation. We performed anterior corpectomy and strut fibular graft placement from C-2 to C-6 ( Fig. 6A and B) . Severe adhesion of the ossified ligament and dura mater Radiculopathy of C-5 after anterior cervical decompression was observed intraoperatively. Careful decompression and resection were performed under the microscope. Because of the adhesion, a thin fragment of the ossified ligament was left on the dura mater to prevent leakage of cerebrospinal fluid.
Postoperative Course. The numbness and fine finger motion improved postoperatively, and MMT of the upper extremities just after the operation showed Grade 5/5 strength; however, he experienced shoulder and elbow weakness 4 hours after surgery. On the following day, MMT showed Grade 1/5 strength for the deltoid and biceps muscles on his left side. Postoperative radiography and CT scanning revealed complete resection of the ossified PLL, and the decompression appeared perfect (Fig. 7  A and B) .
A rehabilitation program, including physiotherapy and occupational therapy, commenced on Day 1 after the operation. Active muscle exercises and passive range of motion exercises were initiated with the assistance of a physiotherapist. Passive range of motion exercises involving a pulley were also performed to prevent joint contracture. The rehabilitation programs continued for 3 months. Muscle power recovered gradually to Grade 3/5 in the deltoid and biceps muscles 3 months postoperatively.
Discussion
There have been several reports in which investigators have described the incidence of C-5 palsy after cervical laminoplasty. Tsuzuki and colleagues 20 have stated that C-5 nerve root palsy occurred in 13 (8.4%) of 155 patients, and later they described in detail the pathological mechanism of C-5 palsy. 19 Yonenobu and associates 25 described five of 180 patients with C-5 palsy. Chiba, et al., 2 reported 16 cases (7.7%) of paralysis in 208 patients who underwent open-door laminoplasties. Minoda, et al., 11 recently reported an incidence of paralysis of 8.9% (four of 45 patients) after midsagittal-splitting laminoplasty. There have been, however, only a few detailed reports concerning C-5 palsy after anterior cervical corpectomy and fusion. Saunders 13 reported an incidence of paralysis of 2.5% (one of 40 patients), Yonenobu and coworkers 25 reported paral- ysis in eight of 205 cases, and Wada, et al., 22 reported an incidence of 4% with anterior corpectomy and fusion of 2.5 levels. In our series, the incidence of paralysis tended to increase in parallel with the number of the levels fused, but the incidence of palsy in 563 cases was 3.2% for a mean of 2.9 levels of fusion. This incidence seems to be almost identical to that reported by Wada, et al. (4.4% for a mean of 2.5 levels fused).
Numerous investigators have speculated on the cause of the palsy but none has provided unequivocal evidence of its mechanism(s). In 1996, Tsuzuki, et al., 19 postulated that the tethering effect of the nerve rootlet as a mechanism caused postoperative radiculopathy after cervical laminoplasty. This theory, however, does not seem to be applicable to anterior decompression, because the spinal cord tends to move anteriorly after the procedure (Table 6) , which implies possible reduction of the tensile force on the rootlet.
In our series, the incidence of palsy increased with the number of levels decompressed (Table 2) , underscoring the possibility that the extent of anterior dural expansion might have enhanced the incidence. Saunders 13 stated that too much anterior expansion could potentially cause an increase in root traction force. In our series, however, Spearman rank correlation testing revealed that the AP diameters at C3-4 and C4-5 had significant correlation with the number of fusion levels. Therefore, the increased incidence associated with multilevel fusion could be an indirect reflection of the severity of cord compression.
Postoperative radiological studies also revealed anterior dural expansion after decompression ( Table 6 ). The values of anterior dural expansion and the values of the decompression widths between patients with and without paralysis did not show any statistical difference. These data, therefore, do not provide sufficient evidence to support strongly Saunders' idea that the restriction of the decompression width to less than 15 mm could serve as a preventive tactic for C-5 palsy.
Postoperative anterior shift of the spinal cord, however, was significantly restricted in the group with paralysis (p Ͻ 0.01) and this was thought to implicate intradural spinal cord adhesion as a possible cause of the C-5 palsy because anterior dural expansion with adhesion of the radix ventralis to the dura mater under restricted anterior movement of the spinal cord could generate increased tensile force on the radix ventralis. We were unable to establish ample evidence to prove this hypothesis at this point.
Other authors have discussed that palsy may be caused by mechanisms other than the nerve root itself. Minoda, et al., 11 stated that C3-4 OPLL was associated with a higher risk of C-5 palsy. The partial disparity between the levels of the spinal cord compression and the segmental levels of neurological impairment implies that the cause of the paralysis is not restricted to the nerve root alone. We found that the cause may also potentially be related to the loss of function of the anterior radicular cells of the spinal cord's gray matter. Analysis of our data also showed that spinal cord compression was significantly more severe at the C3-4 or C4-5 levels in patients with paralysis compared with cases without paralysis.
The paralysis occurred on the left side in 12 patients and on the right in seven. Although the difference was not statistically significant, the predominance of the left-sided incidence introduces the suspicion that incomplete decompression or unexpected cord or nerve root damage could be a potential cause of the paralysis. Careful assessment of postoperative CT scans revealed no evidence of insufficient decompression such as a remnant of the ossified PLL or osteophytes at the root canal.
Tsuzuki, et al., 19 reported that longitudinal durotomy could be successfully used to treat radiculopathy. In our series, durotomy was not performed, but good recovery occurred in all patients. Conservative therapy seems to have its limitations, especially in cases in which muscle power is less than Grade 2/5 at onset. Durotomy may be a treatment possibility for severe cases, but we as yet have not attempted it. Although conservative treatment was chosen for our cases and the results were favorable, muscle weakness remained in several cases at follow-up examination. Multivariate analysis revealed that the MMT grade at onset of paralysis and preoperative JOA score were closely related with the final MMT grade (Table 7) , and patients with a grade of 2/5 or less at onset had a high risk of poor outcome compared with those whose grade was at least 3/5. This suggests surgical treatment of C-5 palsy or prophylactic durotomy is indicated in patients with preoperative MMT-documented weakness.
We were unable to identify any single predominant causative factor of C-5 root palsy. The absence of electromyography data are the limitation of the study. We are therefore now planning a new prospective study that includes pre-and postoperative electromyography, which could potentially reveal the pathogenesis of the complication more clearly. In this study, however, we did show the increased risk of C-5 palsy in cases of OPLL in which there was severe compression at C3-4 and C4-5. Our findings also made clear the possible risk of a poor result for the patients with preoperative MMT-documented weakness in the deltoid muscle.
Anterior corpectomy and fusion for multilevel cervical myelopathy is somewhat challenging, but its safety and advantages when performed by a well-trained and skillful surgeon have been established. 18 Particularly in cases of cervical stenosis or OPLL with kyphotic alignment, anterior decompression is the treatment of choice. 17, 26 In our study, the incidence of postoperative C-5 radiculopathy after the anterior approach was 3.2%; however, there was no deterioration in long tract signs. This incidence of palsy seems not to affect the usefulness of anterior decompression for cervical myelopathy.
